Mammal burrowing plays an important role in soil translocation and habitat creation in many environments. As a consequence, many burrowing mammals have at some point been studied in an ecosystem engineering context. From a geomorphological point of view, one of the focus areas of burrowing mammal research is on the amount of soil that is excavated and the rate at which this happens. As such, reviews exist on the volumes and rates of sediment removal by burrowing mammals in specific environments or for specific groups of species. Here a standardised comparison of mammal burrowing across a broad range of burrowing mammal species and environments is provided, focussing on both burrow volume and excavation rate.
context (e.g. Bragg et al., 2005; Whittington-Jones, 2006; Davidson et al., 2008; Bravo et al., 2009; Desbiez et al., 2013) .
One of the focus areas of the geomorphological publications on mammal burrowing is on the amount of soil that is excavated and/or the rates at which this happens. As such, reviews exist on the volumes and rates of sediment removal by burrowing mammals in specific environments (see Kinlaw, 1999; Whitford and Kay, 1999 for reviews on arid environment burrowing) or by specific groups of species (see Smallwood and Morrison, 1999 for a review on pocket gopher).
However, a comprehensive review, spanning different environments and different groups of burrowing species is still lacking. One of the main reasons for this is probably because reporting measures and methods are not standardised, making comparisons between studies difficult.
Studies on excavation volumes and/or rates often differ in terms of what they actually report. Some studies, for example, report the average size of an individual excavation, i.e. individual burrows, dens or foraging pits (e.g. Butler, 1992) . This is useful when comparing which species create larger excavations. However, some animals might make large holes, but only create a few (e.g. aardvark in certain environments, see Whittington-Jones, 2006) , whereas other animals make many small holes (e.g. house mice on Marion Island, Eriksson and Eldridge, 2014) . In addition, some sites might seem very active, because there are many excavations, when their burrows are just older. Burrow longevity can differ significantly between habitat types, as a result of environmental conditions (Bragg et al., 2005) . If one really wants to compare the geomorphological potential of burrowing animals at larger scale levels, spatial, and ideally also temporal standardisation is therefore necessary. Consequently, some studies report sediment removal per unit land area (Sawyer et al., 2012) or, ideally, sediment removed per unit land area per unit time (e.g. Bragg et al., 2005, Coombes and Viles, 2015) .
In addition to reporting different measures, the units in which measurements are made also differ. Some older papers report in tons and acres (e.g. Ellison, 1946; Ingles, 1952) , whereas the majority of the more recent publications report in SI units. The methods used to estimate the size of excavations are also inconsistent. Whereas some studies use the actual excavation to estimate burrow volumes (e.g. Sawyer et al., 2012; Eriksson and Eldridge, 2014) , others estimate this from the size of the resulting debris mound (Borchard and Eldridge, 2011; Coombes and Viles, 2015) . Lastly, some studies report on burrows, i.e. structures dug for nesting and denning (e.g. Sawyer et al., 2012; Coombes and Viles, 2015) , whereas others report on foraging pits (e.g. Bragg et al., 2005) , constructed for feeding and yet others report on underground structures used for both (Šklíba et al., 2010) . Obviously, the definition of what exactly was measured and how this was defined needs to be standardised for comparisons to be meaningful.
From a biogeomorphological perspective, some of the interesting burrowing mammalrelated questions are associated with species and environmental traits, and how these influence burrow characteristics. Using published measurements of burrow dimensions, Woolnough and Steele (2001) showed that larger burrow volumes were positively correlated with larger body mass. The potential role of variables other than body size in determining geomorphological measures of burrow impact, such as excavation size, has, however, been poorly explored (but see Root-Bernstein and Ebensperger, 2013 for such an analysis of ecological impacts of burrowing).
The aim of this paper is therefore to provide a standardised comparison of mammal burrowing across burrowing species and environments, focussing on both burrow volume (i.e. total volume of an individual underground cavity) and excavation rate (volume of soil removed per unit land per unit time). Through an extensive literature search, the 34 burrow volume estimates of Woolnough and Steele (2001) are supplemented with an update of excavation volume studies from the past 15 years. In addition, factors other than body size (e.g. species sociality, method of burrow volume estimation) are explored as potential predictors of burrow volumes and excavation rates. Lastly, although the focus of this study was on structures made for nesting or denning, measurements of diggings for food were also recorded.
II Data and methods

Data set
An existing collection of papers on burrowing animals was used as a starting point for the literature search. From these articles, references within these articles, and discussions with a zoologist (McIntyre, 2015, personal communication) , a list of burrowing mammal "group names" was compiled. These group names (e.g. pocket gopher), differed from both scientific names (e.g. Geomys attwateri) and common names (e.g. Attwater's pocket gopher). This list is believed to represent the major, well-known burrowers (i.e. mammals that burrow, regardless of the purpose of their burrowing). In addition, other, less-studied mammals were also included when encountered in the literature. Animals that do not dig their own burrows were only included if the species is well-known to substantially enlarge the burrow of the original digger (e.g. aardwolf are known to enlarge burrows of springhare). Based on this list, a search was conducted in ISI Web of Science using the term "burrow" combined with the group name of the mammals on the list. In this manner, "pocket gopher" would pick up on all species of pocket gopher and, similary, "mole-rat" would be picked up by both the search terms "mole" and "rat".
The abstracts of all papers from the resulting search outputs were subsequently scanned.
Only those studies that reported either an estimate of burrow volume (or mass of the soil removed from the burrow) or of the soil displacement rate were included in the final database. If volumes of soil displaced or movement rates did not appear in the abstract, but the title suggested that they could have been estimated, the methods and results sections of the papers were additionally studied. Furthermore, references in papers were examined and were also included in the database if burrow volume or sediment movement estimates were reported. Although the focus of this study was on structures made for nesting or denning (referred to as burrows), measurements of diggings for food (also known as foraging pits) were recorded separately where encountered in the literature.
Many studies recorded burrow dimensions (e.g. width, height, length, tunnel diameter) without explicitly estimating volumes or rates of sediment removal. Smallwood and Morrison (1999) used published burrow dimensions from pocket gopher studies to calculate burrow volumes, substituting missing dimensions with averages from other studies. Such calculations involve the assumption that burrows of all species share a similar shape. Whereas this may be the case for different species of pocket gopher, it certainly is not the case for all burrowing mammals. As the burrow shape that is assumed during calcucations can have a significant effect on the volume of soil calculated (Bancroft et al., 2004) , and an in-depth study of different species' burrow shapes was not feasible, burrow volumes were not calculated from dimensions.
Studies that did not explicitly mention either soil movement volumes or rates of displacement were therefore excluded from the database. However, when total volumes of sediment displaced were provided (e.g. in m 3 per ha) in combination with the density of burrows (count per ha), the average volume per burrow was calculated from these values. Similarly, where an estimate of the number of mounds constructed per year was provided, along with the size of an individual mound, excavation rates were calculated.
In addition to the studies selected from the literature search, the estimates by Woolnough and Steele (2001) were included in the final data base. This enabled a comparison of the burrow volume estimates from studies from the literature search with those of Woolnough and Steele (2001) .
Variables recorded
From each of the papers the following variables were recorded: 1.) the study area, 2.) the excavation volume (m 3 ) and/or 3.) the excavation rate (m 3 ha -1 year -1 ), and 4.) the method used to determine the excavation volume and/or rate. If more than one excavation volume and/or rate was provided, the mean was calculated. Estimates reported in units other than those used here (e.g. tons, acres) were converted. For studies estimating mass of soil removed from burrows, a typical topsoil bulk density value of 1.3 g per cm 3 (Lewis, 2008) was used (unless another density was specified) to convert these to volumes. Lastly, for each species, the average body mass of an adult female, as well as the social behaviour of the species (group-living vs. solitary),
was also recorded. Although a range of mammalian social systems exists, a simplified, dichotomous distinction between solitary species (i.e. where adults live alone) and group-living species (where individuals live in discrete groups) was used. Some of the estimates from Woolnough and Steele (2001) were from unpublished sources, or general mammal text books, providing information on many species and studies. In such cases, only Woolnough and Steele's estimates were reported and used for analyses, and study areas and methods were reported as "unknown".
Statistical analyses
The effects of species body mass, sociality and method of burrow volume estimation on burrow volume were assessed by fitting a series of generalized linear models (GLMs) in the R statistical environment (R Version 3.1.2, R Core Team 2014). Both Gamma and Gaussian response models were considered, with identity-, log-and inverse-link functions. A stepwise procedure based on the Akaike's Information Criterion (AIC) was used to select amongst candidate models incorporating both untransformed and log-transformed predictors. Both the AIC and an examination of residuals from the fitted model showed that a Gaussian GLM with an identitylink function was the most appropriate model for burrow volume as a function of animal body size, sociality and the method used to determine burrow volume. Both burrow volume and body mass were log-transformed in the final model. Significance of best-fit model terms was tested using an F-test. The relationships between body mass and burrow rate, and body mass and digging volume were analysed using standard linear regression.
III Results
Rodents, and more specifically pocket gophers and mole-rats, are the most studied groups of mammal species when it comes to burrow volumes and excavation rates ( Table 1 ). The 37 papers that were selected through the literature search, combined with the 34 estimates from Woolnough and Steele (2001) resulted in 74 entries that reported excavation volumes and/or rates for 53 mammal species (Table 1) . Of the 74 entries, 61 were for burrows and 13 for diggings (Table 1) .
Of the 61 burrow entries, 47 estimated the volume of individual excavations (inlcuding Woolnough and Steele's estimates), six provided estimates of excavation rates and an additional eight provided both excavation volumes and rates. For the digging-related estimates, seven Woolnough and Steele, 2001 . ED: measured burrow/digging dimensions without excavation; EDE: measured burrow/digging dimensions through excavation; DD: measured dimensions of debris resulting from excavation; DW: weighed debris resulting from excavation; DV: volume of debris determined with a measuring jug. studies reported digging volumes, one reported the excavation rate as a result of digging and five reported both volumes and rates.
Five studies were performed in laboratories or field set-ups outside of the animal's natural habitat, and one further study did not report the study site. An additional 17 study areas were entered as "unknown". Studies from South America and Asia seem to be largely lacking.
The methods that were generally employed to estimate excavation volumes were based on either measuring the excavation itself or the debris resulting from the excavation (Table 1) . However, burrow volume was independent of the method of estimation (GLM, F 1,31 = 0.27, p = 0.61).
The results support the trend found by Woolnough and Steele (2001) 
IV Discussion
The relationship between species' body size and burrow volume, based on indvidual authors' estimates of burrow volume, is consistent with those of Woolnough and Steele (2001) .
Therefore, as expected, bigger species dig bigger burrows (see also Vleck, 1981 ; Van Vuren and Ordeňana, 2012). For a burrow to provide a practical nesting site or shelter, it obviously has to be larger than its occupant. However, the high initial energetic cost associated with burrowing (Vleck, 1979; Lovegrove, 1989 ) also means that most species do not construct burrows much larger than this minimum requirement (Woolnough and Steele, 2001) . Van Vuren and Ordeňana (2012) found that more highly social species of ground squirrel excavate longer burrow systems, supposedly to accommodate the additional occupants. In contrast, results from this study provide no support for a relationship between sociality and burrow size. A very likely explanation is that Van Vuren and Ordeňana (2012) used a five-point scale of sociality to categorise ground squirrel, wheras this study used the relatively crude distinction between solitary/group-living followed by Root-Bernstein and Ebensperger (2013) .
Although basic, such a dichotomous distinction of sociality can provide baseline information for comparitive studies (Lacey and Wieczorek, 2003) . There are, however, many species that are considered group-living, but that do not share their burrow systems (e.g. wolf, coyote, hyena species) and are presumably therefore also solely responsible for their creation. Multiple diggers obviously have the potential to create larger excavations, especially where energetic costs are high (Jarvis et al., 1994; Lacey and Sherman, 1997; Bennett and Faulkes, 2000) , but a rough division between solitary and group-living species presumably does not pick up on such patterns, whereas a more subtle subdivision representing a continuum of sociality categories, would.
Indeed, in this study, the species that created burrow volumes disproportionate to their body size (e.g. naked mole rat, European badger) were highly social species and also share burrows between individuals (Jarvis and Sale, 1971; Kruuk, 1989; Coombes and Viles, 2015) . Smallwood and Morrison (1999) reviewed estimates of pocket gopher burrow volumes and excavation rates, and assessed the variation in such estimates between different methods employed. They used both original estimates, as well as derived estimates, made by substituting average burrow dimensions for missing values. They found that original estimates did not differ significantly between methods, but that mound counts produced the largest derived estimates of both burrow volume and excavation rate. Results from this study support their findings of original estimates, i.e. whether the measurements were mound-or excavation-based did not affect burrow volume estimates. The vast majority of the studies that reported burrow excavation rates, however, used mound-based measurements. Similarly, most digging studies, used excavation-based measurements. A comparison between the two methods of estimation was therefore not possible for either burrow excavation rates or digging volumes.
An interesting, but relatively unexplored aspect of burrowing disturbance is the impact that burrowing mammals have at larger spatial and temporal scales and how that relates to body size. Results from this study add to those of Woolnough and Steele (2001) by shedding light on this relationship. According to the results presented here, the body size relationship found for burrow volume is inverted at site levels and thus, smaller species remove more soil per unit time and unit land area than their larger counterparts (Table 1) . Smaller species therefore create more burrows than larger species, which offsets the effect of their reduced burrow size when it comes to site level sediment movement. Two potential explanations are offered for this increased number of burrows in the smaller species: 1.) smaller species occur in greater numbers and 2.) smaller species dig more excavations per individual per year.
An inverse relationship between species body size and local abundance has indeed been demonstrated (Damuth, 1981) and certainly helps to explain the site level results presented here.
A hundred pocket gophers therefore have a bigger impact at a larger spatial scale than a single grizzly. However, the contribution of digging differences between individuals of varying body size is not known, as data on sediment movement rates per individual animal are scarce. In general, burrowing has a larger energetic cost for large animals than for small animals (Vleck, 1981; Johnson, 1998) and intuitively one would therefore expect larger animals to construct fewer excavations per year than smaller animals. Again, as is the case for burrow size, sociality seems to have no effect on sediment movement rates (but note that the sample size is small and no formal statistical tests were possible). Therefore, although European badgers are group-living animals and create the largest individual excavations, their very low densities (Coombes and Viles, 2015) mean that they have a low impact at a larger site level. On the other hand, the solitary pocket gopher often occurs at high densities (Miller, 1964; Bandoli, 1987) and has a relatively large site level impact, despite creating small individual excavations. These results are perhaps in some ways analogous to Wolman and Miller's classic 1960 paper in which the cumulative effect of a geomorphic event is described as the product of the magnitude of the event and the frequency at which it occurs (Wolman and Miller, 1960) . However, Wolman and Miller suggest that moderately sized events provide the most effective combination of magnitude and frequency, whereas the results presented here suggest that smaller mammal burrowers are the most effective geomorphic agents at site level spatial scales.
V Conclusion
In addition to standardising and integrating disparate publications on mammal burrowing, this paper highlights two important relationships: 1.) a positive relationship between species body size and burrow volume and 2.) a negative relationship between species body size and excavation rate. Although the relationship between species body size and burrow volume at the scale of individual excavations is interesting, it is at larger spatial scales, where excavation rates are measured, that processes such as denudation and erosion are important. Whether or not the burrowing process in itself can be called erosion is perhaps debatable as the majority of mammal burrowers do not move the soil they excavate very far. However, burrowing contributes towards loosening and exposing soil, making it vulnerable to erosion. As such, the results presented here highlight the significance of smaller mammal burrowers in this loosening process, emphasizing their importance as geomorphic agents.
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